The global ocean monitoring system would benefit from improvements in the efficiency of Conductivity, Temperature, and Depth Device (CTD) sensor screening. Here, we describe the development of a new screening system, J-Calibration, for use with the SBE41 CTD sensor on the Argo float (Sea Bird Scientific). This new system has crucial advantages over the traditional SBE-Calibration system. First, J-Calibration does not require removal of the CTD sensor unit from the Argo float body to operate in a laboratory. This feature enables technicians or operators to more efficiently check the Argo target accuracies (± 0.005°C for temperature and ± 0.01 PSS-78 for salinity) and allows the manufacturer's warranty to remain intact. This also allows for a more efficient basic screening system which maintains screening accuracy without the need for specialized technicians. J-Calibration reduces the screening time to 1/6th that of SBE-Calibration and does not require the preparation of large amounts of artificial seawater. J-Calibration uses 1/23rd of the volume of seawater compared to SBE-Calibration by examining calibration at only 1 temperature point (22°C), whereas SBE-Calibration requires 7 points to achieve calibration. The J-Calibration system does require careful temperature control of the artificial seawater as it is critical to maintain a uniform water temperature throughout the experiments. To satisfy this, using a vinyl greenhouse and covering sensors with adiabatic materials and cooling packs are effective. In comparison with the accuracy and system stability of SBE-Calibration, we show that the J-Calibration system is non-inferior and therefore is suitable for use in laboratory screening prior to deployment. Based on these advantages, the J-Calibration system will make a strong contribution to the deployment of healthy Argo fleets and to the maintenance of uniform data in the global ocean.
Introduction
Accurate data of uniform quality is critical to obtaining robust results in the Earth Sciences. However, this data can be very difficult to obtain in situations with a smaller signal-to-noise ratio when using spatially and temporally broad observation systems. For example, in physical oceanography, detection of the oceanic signals associated with long-term climate change is a key challenge as these tend to be more subtle and less specific than the signals which indicate shorter-term change (e.g., Meyers et al. 1982; White 1995) . Especially in the middle depth of the ocean below 1000 m, the amplitude of long-term changes in signals such as temperature and salinity is 1/ 100~1/1000th that of the upper layer. For example, it has been reported that the Antarctic Bottom Water, which is known as the lowest water mass of the global ocean circulation system, has warmed and freshened within the range of 0.01~0.001°C or PSS-78 (e.g., Jacobs and Giulivi 2010; Purkey and Johnson 2010) . Although this seems quite small, this variability associated with climate change signals is meaningful. To detect such a small perturbation, high-quality controlled sensors with high, consistent accuracy are critical. Therefore, many scientists recognize that sensor calibration prior to deployment is an absolute requirement in order to detect such small signals. Here, we introduce a new method of pre-deployment sensor calibration and demonstrate its importance in Argo float sensor calibration as part of the framework of the Argo program in the global ocean observation system.
The Argo program, which was started in 1999, aims to detect the small-amplitude climate signals associated with long-term climate change in the global ocean. The goal of the Argo observation system is to sustainably obtain uniform quality-controlled temperature and salinity data from the upper layer of the global ocean. To achieve this, autonomous observation drifting buoys, named Argo floats, are deployed every 3°squared in the global ocean (Roemmich et al. 2001) . All Argo floats are equipped with Conductivity Temperature and Depth Device (CTD) sensor devices. There are now over 3800 Argo floats deployed in collaboration with over 30 countries (Argo Science Team 1999) .
Argo floats generally dive to a depth of 1000 m after deployment, and drift for 10 days. The floats then observe temperature, salinity, and pressure going up from a depth of 2000 m to the sea surface, continuously operating for 4-8 years. This automated ocean observation makes it possible to collect a huge amount of data from the global ocean over a long period. The target accuracies of the CTD sensors on the Argo floats are set to ± 0.005°C for temperature, ± 0.01 PSS-78 for salinity, and ± 5 dbar for pressure, and these criteria must be maintained globally, both spatially and temporally. Once a float is deployed, direct confirmation of sensor accuracies is impossible, in contrast to a shipboard CTD observation, which can be compared by post-calibration in a laboratory. Therefore, when the Argo program began, it was decided by the Argo data management team that a data flow and quality control method would be established in order to maintain high-quality uniform data. This method involves real-time quality control (rQC), which is analyzed by the Argo data assembly centers (DAC) within 24 h after measurement, as well as a delayed-mode quality control (dQC), which is carried out for research purposes by the principal investigator (PI) within 1 year of the rQC. Historical shipboard CTD data and other Argo float data are used to detect sensitive climate change signals (Argo Data Management Team 2002 , 2012 . Then, all Argo float data is made available online at the Global Data Assembly Center (GDAC). Based on this qualitycontrolled data, small detailed signals in the interior ocean indicating climate and ocean environmental changes have been detected successfully (e.g., Riser et al. 2016) .
The CTD sensor equipped on almost all Argo floats is currently the SBE41, manufactured by Sea Bird Scientific (https://www.seabird.com/sbe-41-argo-ctd/product?id=54627907875). The pre-production SBE41 CTD unit was installed on a University of Washington Webb/APEX float in 1997 and was deployed in the North Atlantic Ocean and operated successfully for 3 years. The first CTD on a profiling float was added to an autonomous Lagrangian circulation explorer (ALACE) float (Davis et al. 1992 ) by a group from the Scripps Institute of Oceanography (SIO, USA) around 1994. However, this was not a SBE41 but an inductive CTD sensor manufactured by Falumouth Scientific, Inc. (FSI CTD) and performed poorly with large salinity biases and temporal drift. Although a number of FSI CTD units were built and deployed over a few years, their use was discontinued due to poor results. Based on a review of the stability of the SBE41 CTD sensor, the sensor unit used on Argo floats is now primarily mounted with verifications of target accuracy and long-term stability (Oka 2005; Johnson et al. 2007 ). The SBE41 sensor units are equipped with temperature, salinity, and pressure sensors, which are the fundamental physical parameters in the ocean. Thermistor and piezoelectric sensors are used for temperature and pressure measurements, respectively. The conductivity sensor is used for salinity and measures seawater conductivity between electrodes inside a glass tube. The measured conductivity is transformed into salinity as a function of temperature and pressure, which are obtained from the equipped temperature and pressure sensors (UNESCO 1978) . The specifications of the SBE41 CTD sensor unit are shown in Table 1 .
We have conducted operating tests on all delivered Argo floats and screened sensor accuracies for many SBE41 sensors in the laboratory before deployment (Yokota et al. 2007 ). The screening system for the SBE41 temperature and salinity sensor is available and operated at JAMSTEC in a similar fashion to that of Sea Bird Scientific, the manufacturer of SBE41 (here, we refer to the calibration in JAMSTEC as "SBE-Calibration"). Prior to shipping SBE41 to users, optimal parameters are determined for each sensor based on the results of the manufacturer's calibration and are indicated in the calibration certifications. Thus, it is possible to check and screen sensor accuracies by conducting SBE-Calibration in JAMSTEC prior to float deployment through a comparison with the calibration result of the manufacturer. The University of Washington also uses a screening system for SBE41 sensors similar to the SBE-Calibration system at JAMSTEC, and reported that the system is stable and accurate (Riser et al. 2008) . Since 2001, we have found over 50 faulty sensors in SBE41 prior to deployment through screening over 1000 sensors calibrated by SBE-Calibration. Furthermore, systematic faults in sensors have been found, which was raised as an international problem in the Argo community (e.g., Atlantic Ocean cooling by data bias; Lyman et al. 2006; Willis et al. 2008, Systematic SBE41 salty drift; Argo Steering Team 2018 , 2019 . Therefore, it is recognized in the Argo community that screening for faulty sensors prior to deployment is largely effective in reducing the issues of deployed floats with bad sensors (King et al. 2017) . However, such screening of sensors calibrated by SBE-Calibration or a similar method tends to be complex and requires specialized skills and equipment, which makes it difficult to screen sensors operationally at a user level. In addition, user removal of the CTD sensor unit from the float body can create warranty issues.
Recent difficulties with hardware and software on Argo floats have occurred due to increased price competition among manufacturers. For float users, although a low-cost float is welcome, encountering difficulties which are results of cost-cutting results in delayed float deployment and poor data accuracy. Therefore, user monitoring float performance prior to deployment to avoid deployment of floats with faulty sensors is absolutely required.
Under these circumstances, we had developed a new method of SBE41 CTD sensor screening to be performed in a laboratory which does not require the removal of the CTD sensor unit from the float body. We have validated the accuracy of this system and call the system "J-Calibration." The goals of the development of this system were (1) to achieve a CTD sensor screening system similar in accuracy to that of SBE-Calibration in JAMSTEC and (2) to be able to operate efficiently and without the need for specialized technicians. Finally, we desire to deliver this system to the other agencies and institutes in order to contribute to the achievement of uniform highquality data for the international Argo program and observation system.
Methods/Experimental

J-Calibration system and its advantages
J-Calibration is an efficient calibration method of the SBE41 CTD sensor unit which does not require the separation of the sensor unit from the float body, while maintaining an accuracy similar to that of SBE-Calibration. Since the sensor unit of SBE41 is not separated, the temperature and conductivity sensors of SBE41 can be calibrated by instilling seawater directly into the sensor unit. In J-Calibration, measurement of temperature and conductivity of the seawater is carried out using standard sensors of SBE3 and 4 at the same time to validate accuracy. This validation procedure with standard sensors enables us to improve reliability and to maintain the accuracy of SBE-Calibration.
The J-Calibration system is shown in Figs. 1 and 2, and the components of J-Calibration are listed in Table 2 . The J-Calibration system consists of a seawater tank (10 l), standard temperature and salinity sensors, SBE41 sensors (up to 3 sensor units), and a water pump, sequentially connected with water tubes. Each tube with sensors is trimmed to the same length. The system is controlled by laptop computers, communicating with each float body. Although SBE3 and 4 standard sensors are manufactured by SBEsharing with SBE-Calibration, other items were purchased at affordable prices.
The artificial seawater is a NaCl solution seawater at 35 ± 0.1 PSS-78 and is prepared by degassing and minimizing the difference with room temperature in advance. The seawater flows to three SBE41 sensors and to SBE3 and 4 standard sensors separately and constantly via a pump through the tubes. The length of the tubes between the sensors and the seawater tank is consistent at 1.8 m in order to maintain a uniform exposure to the heat in the environment. In order to avoid excess water pressure and potential error, the flow of seawater is consistent at 200 ml/min for each tube. Calibration is started 3-5 min after starting water circulation and after ensuring temperature stability (variability of water temperature within ± 0.01°C). The period of one measurement is 5 min, but the time does depend on the season and the room temperature of the environment.
Since conductivity is a function of water temperature, it is generally difficult to calibrate salinity sensors accurately as it is largely influenced by the temperature of the environment. Therefore, it is Table 4 ). Three floats with SBE41 and standard sensors (SBE3 and 4) are controlled by a laptop computer. The artificial seawater flows through water tubes to maintain a uniform seawater temperature. However, in contrast with SBE-Calibration, maintenance of the water temperature and conductivity in the J-Calibration system is not easy, as the sensors are not fully submerged in seawater, and the water insulating/cooling controller is not used as it is in SBE-Calibration. Therefore, we need to manage J-Calibration carefully (see items in Table 2 ). A detailed explanation and evaluation are documented later.
Differences between the SBE-Calibration system and J-Calibration
The SBE-Calibration system is shown in Figs. 3 and 4, and the differences between the J-Calibration and SBE-Calibration systems are summarized in Table 3 . SBE-Calibration, which was previously operated as a basic calibration system in the laboratory of JAM-STEC, compares measurements of seawater in SBE41s with SBE3 and 4 standard sensors whose accuracies are already validated by the manufacturer of SBE. The SBE-Calibration system consists of a calibration bath, a water insulating/cooling controller, a deck unit controller, and a bath controller (using a laptop computer for the bath controller). The deck unit controls SBE41 sensors and the SBE3 and 4 standard sensors to send control commands, and strictly maintains water temperature. The SBE-Calibration system evaluates several SBE41s (up to 5 units) to compare with the output of the standard sensors (SBE3 and 4; accuracies are ± 0.001°C for temperature and ± 0.001 PSS-78 for salinity) by measuring artificial seawater (230 l) in a water bath. The artificial seawater is a NaCl solution and its salinity concentration is set at 35.0 PSS-78, which is the same as in J-Calibration. Note: * mark at number column means an item from SBE-Calibration system Fig. 3 Schematics of the SBE-Calibration system. The system consists of a large water tank (230 l), an insulating/cooling controller (tiller), a calibration bus controller, a sensor controller for SBE3 and 4, and a laptop computer. The laptop computer can send a command to sensors via the controllers and receive signals, and vice versa. The SBE41 sensors and standard sensors (SBE3 and 4) are placed into the tank flowing into the artificial seawater in the bath. Temperature in the tank is maintained with a heating/cooling controller and a water temperature controller surrounded the calibration bath by adiabatic materials Although the sensors are submerged in the artificial seawater bath using adiabatic materials in SBE-Calibration, the water temperature still varies with heating from the stiller, sensors, and other items. To maintain a stable water temperature, a water insulating/cooling controller is used.
In the calibration of SBE41 sensors by the manufacturer, measurements for the calibration are conducted at 7 conductivity points varying the temperature under the same salinity, which is the same as that of SBE-Calibration. Regarding SBE-Calibration at JAMSTEC, if the differences in temperature and conductivity are larger than the criteria that satisfy the Argo accuracies, we check the sensors and occasionally change their coefficients or return the device to the manufacturer to repair the sensors. This screening before deployment is effective because the sensor error can occur accidentally either before delivery from the manufacturer or through a failure of calibration during the sensor manufacturing process. At this time, we have calibrated over 1000 SBE41 sensors and have successfully used SBE-Calibration to screen faulty SBE41 sensors prior to deployment (Yokota et al. 2007 ).
However, since the SBE-Calibration system is expensive to operate in a general laboratory and requires a great deal of time from specialized technicians, it is challenging to implement the entire system. For this reason, we decided to develop a new, efficient, and simple calibration method with the goal of a shorter procedure time while still maintaining an accuracy similar to that of SBE-Calibration.
Method of maintaining water temperature in J-Calibration
Unlike in SBE-Calibration, it is not necessary to set a fixed water temperature in J-Calibration, as J-Calibration carries out validation through a comparison of measurements between standard sensors (SBE3 and 4) and a calibrated sensor (SBE41). However, the temperature and salinity of the seawater in J-Calibration must be maintained as much as possible at every calibration in order to achieve a higher Fig. 4 (Left) Overall SBE-Calibration system. The system is separated into three components; two controllers, and a calibration bath. (Right) A detailed photo inside of the calibration bath for the SBE-Calibration system. The SBE41 sensor units (4 of 5 sensor units are shown in this photo) and SBE3 and 4 of the standard sensors were placed into the bath of artificial seawater. The artificial seawater is maintained at a uniform temperature and monitored by a water temperature controller and heating/cooling controllers Table 3 Differences of operational method between J-Calibration and SBE-Calibration
J-Calibration SBE-Calibration
Artificial seawater Flowing directly from the tank to sensors through tubes Filling water in a big tank, put sensors into filling water.
Amount of seawater per one experiment 10 L 230 L
Maintaining seawater temperature
Spot insulation of sensors and a part of tubes with insulating material and housing.
Tank surrounded by adiabatic material, controlling water automatically with a tiller.
Removing CTD unit Not necessary. Necessary with special skills.
Controlling system
Sending command to sensors and standard sensor by laptop computers.
Using a special computer unit manufactured by SBE. precision. To achieve stable water temperature during experiments, the temperature environment of the water flow system must be carefully maintained, especially since the conductivity (salinity) sensor is largely influenced by both room temperature and water temperature. For example, as the length of the tubes with J-Calibration is longer than with SBE-Calibration, there tend to be many points of potential heat penetration through sensors, connectors, and tubes. The calibration accuracy tends to be worse if the water temperature is not controlled well.
To minimize the influence of heating and cooling of seawater on the J-Calibration system, we utilized adiabatic materials for each SBE41 CTD sensor unit ( Fig. 5a, b ). The adiabatic materials serve to increase or decrease temperatures by heating or cooling from the outside.
Additionally, the SBE3 and 4 standard sensors tend to radiate heat during experiments because their electric power consumption is larger than SBE41. This can cause a large change in water temperatures. In the case of SBE-Calibration, this increase in water temperature by the standard sensor unit is minimized because a large amount of water used (230 l) has a larger heat capacity and water temperature is controlled through the water insulating/cooling controller. To avoid temperature Fig. 5 a SBE41 sensor unit. Conductivity and temperature sensors are surrounded by a black plastic cover. In J-Calibration, inside of the cover, a cushioning material wraps around the sensors as an adiabatic material. b In addition to a, another adiabatic material covers the outside of the plastic cover. This double covering material effectively maintains the stability of temperature measurements using SBE41 sensors. c SBE3 and 4 standard sensors. A tube connecting the tank to the standard sensor is wound around the sensors. d In addition to c, cooling packs are attached to SBE3 and 4. The cooling packs can be easily obtained from any supermarket in Japan. e Vinyl greenhouse covering floats increase in J-Calibration, we introduced two methods. One is to install tubing around the SBE3 and 4 standard sensors and cool them by pumping water into the tube wound around the sensors (Fig. 5c ). The effect is to warm up the water and cool down the sensors themselves. Another method is to use cooling packs around SBE3 and 4 standard sensors to decrease water temperature and therefore that of the sensors (Fig. 5d ). The number of packs required depends on the season, for example, two packs are required for each sensor in summer, while four packs are required in the winter. It is critical to control the temperature of the air in order to ensure a stable water temperature. During the screening procedure, we kept an air conditioner at 22°C just before starting the experiments, and then stopped it to avoid disturbing the air during actual measurements. Further, we used a vinyl greenhouse to maintain a stable air temperature. When the J-Calibration system is prepared with a water tank, the greenhouse was placed on the entire system to cover the entire experimental setup (Fig. 5e ). The sheet of greenhouse was subsequently opened for an hour to adjust to room temperature. Here, we put a small table for a workspace inside of the greenhouse, the height of which was 10-30 cm below that of the SBE41 sensors, for our convenience. When the experiment was started, the sheet of the greenhouse was closed.
Based on the above factors which affect water temperature, we carried out four experiments to evaluate methods of maintaining room and water temperature involving (1) turning off the airconditioner, (2) insulating/cooling the SBE41, SBE3, and 4 standard sensors, and (3) covering with the vinyl greenhouse. These experiments were used to carry out our evaluation of J-Calibration by estimating the differences between the SBE41 and standard sensors (Table 4 ).
In comparing differences in air temperature when utilizing the air conditioner, we found that smaller differences in amplitudes (1/7 and 1/2) for temperature and salinity, respectively, were achieved ((2) in Table 4 ). This indicates that the mixing of air in the room by the air conditioner tends to create turbulence, which in turn leads to differences in temperatures that are likely to be large ((1) in Table 4 ). Because of the large influence of the air conditioner on the stability of the calibration system, the air conditioner must be stopped during the experiments. It also means that the time for each experiment must be shortened as much as possible to avoid gradual temperature drift. 
ΔT, ΔC, and ΔC mean difference between SBE41 and standard sensor (float S/ N 914), being measured and averaged for 20 min Fig. 6 Salinity of experiments contaminated with bubbles in the water. Salinity measured by the SBE41 sensor (red line), SBE3 and 4 standard sensors (green line), and the difference between the two (blue line). Salinity is measured as PSS-78 except for the difference of salinity which is × 10 −3 PSS-78 Next, adiabatic materials and cooling packs are attached at temperature and conductivity sensors on SBE41 and to the standard sensors, to avoid increasing water temperature through heating from the sensors themselves and cooling by temperature differences between the air and water temperature ((3) in Table 4 ). Based on these materials and packs, the differences tended to be stable, decreasing them by 1/3rd to 1/5th as shown by case (2) in Table 4 . Further, covering the J-Calibration system makes it possible to minimize water temperature variability within ± 1°C to avoid the increased turbulence outside of the vinyl greenhouse ((4) in Table 4 ). We then carried out several experiments to determine if undertaking the measures described above was effective or not. Figure 6 depicts an example of an experiment introducing contaminating bubbles into artificial seawater, which occurs when the degassing procedure is not used. During a 20-min experiment, a few negative salinity spikes appear caused by passing bubbles through the glass tube containing the electrodes of the conductivity sensor. Figure 7 shows the salinity change of SBE41 and the standard sensor and their difference with adiabatic materials and cooling packs. Under the conditions of stable air conditioning using adiabatic materials and removing the bubbles, the difference of salinity becomes smaller than that without the materials and packs. Figure 8 shows the effect of salinity change by maintaining a room temperature environment and the effectiveness of stopping the air conditioner (middle) and covering a vinyl greenhouse. Under the condition that adiabatic materials and cooling packs are attached, salinity becomes more stable if the air conditioner is turned off. Furthermore, the vinyl greenhouse is quite effective in that the salinity difference between the SBE41 and the standard sensor is nearly 0.
Water temperature setting in J-Calibration: best choice to minimize missing screening
In SBE-Calibration, SBE41 sensors are calibrated using artificial seawater, varying the conductivity with temperature at 7 points. Because conductivity is mainly a function of temperature, changing the temperature is an alternative way to calibrate the salinity sensors. However, since changing the temperature at 7 points is very time consuming, the number of screenings of SBE41 sensors that can be completed is limited. If J-Calibration is conducted by varying temperatures at 7 points, it takes even more time than SBE-Calibration, even though the size of the tank is smaller in J-Calibration, as the water temperature needs to be homogenous. Therefore, we must find the most appropriate temperature to calibrate SBE41 sensors to minimize missing screening. Here, we evaluate the temperature based on the results of experiments with SBE-Calibration, which were conducted from 2011 to 2016. The number of SBE41 sensor units with faults from SBE-Calibration at JAMSTEC was 20, and these were sent to the manufacturer to check and recalibrate whether the sensors were truly faulty or not. Table 5 summarizes the number and the rate of SBE41 CTDs that were judged as faulty in SBE-Calibration at JAMSTEC but were healthy in the calibration by the SBE manufacturer. Essentially, SBE-Calibration is conducted repeatedly for each SBE41 sensor unit when it is judged as a faulty sensor during its first SBE-Calibration. In total, we completed 65 experiments of SBE-Calibration for 20 SBE41 CTD units. The number of misjudged CTD units is clearly minimal at 5.2 S m −1 (equivalent to 24°C for 35 PSS-78), which is a rate of less than 1.5%. Based on this result, we used one temperature point (24°C) to screen faulty SBE41 sensors in J-Calibration with the goal of finding faulty sensors using a short experiment time.
As mentioned in the previous subsection, the important point of this J-Calibration system is not only to precisely control water and air temperature but to also minimize the variability in differences between the calibrated sensor (SBE41) and the standard sensors (SBE3 and 4). Therefore, it is crucial for J-Calibration to keep a uniform temperature during an experiment for approximately 10 min. Here, the target precision of seawater temperature is 24 ± 0.5°C, which is empirically responsible for a stable J-Calibration result. Figure 9a , b shows the stability of temperature and salinity during every experiment of J-Calibration. The result shows that the seawater temperature and salinity are almost unchanged and uniform within ± 0.001°C and ± 0.001 PSS-78, respectively, during the first 10 min of the calibration.
Use of artificial seawater for J-Calibration
The artificial seawater for J-Calibration is degassed in advance for 24 h to be stable during calibrations. Before starting screening, pure water is placed into a bucket (40 l) with salt (1.4 kg NaCl) and mixed at 300 rpm by a stirrer. After 20 min, when the water fully dissolves the salt, the rotating speed of the stirrer is changed to 100 rpm, and the standard sensors are put into the bath, conditioning salinity to 35 ± 0.1 PSS-78. To degas the conditioning artificial seawater, the water heats and is kept at 33°C for some time, then is naturally cooled overnight to stabilize at room temperature. Before screening, the water stirrers are again placed in the bucket to achieve a uniform salt concentration. Then, we expose the water to a vacuum to help remove bubbles (0.04 MPa), and re-stirring of the water is conducted in a smaller water tank (10 l) to degas it completely. The degassed water is kept in the same laboratory room throughout.
Here, we use a NaCl solution seawater as the artificial seawater in both SBE-and J-Calibration, because handling and creating the artificial seawater is easier than using real seawater. In the manufacturer SBE, the SBE41 sensor calibration is conducted using artificial seawater, in the same manner as our method. When using real seawater for SBE3 and 4 calibration, the coefficients and slope are different from those found when using the artificial seawater. To avoid this discrepancy, we corrected the salinity measurement of SBE3 and 4 using a salinometer "Autosal" (Guildline Instruments 1981) to modify the coefficients and slope of the equation, which is the same method used by the manufacturer SBE.
Results
Experiments using J-Calibration system J-Calibration was carried out for Navis and APEX type floats, which were delivered to JAMSTEC from 2017 to 2018. The number of floats in total was 33, and that of the calibration experiments was 88, as listed in Table 6 . Measurement values of temperature, conductivity, and salinity calculated from pressure, and conductivity and temperature for SBE41 and SBE3 and 4 standard sensors are described. The differences between the three parameters between the SBE41 and the standard sensors are also shown. The measurement values of temperature and salinity are approximately 22°C and 35.0 PSS-78, respectively, and the differences are within the order of 10 −3 . Based on the values in Table 6 , all experiments in J-Calibration are clearly stable. Both J-Calibration and SBE-Calibration were conducted 8 times for 3 of the 33 floats to evaluate the accuracy and stability of J-Calibration in comparison with SBE-Calibration (Table 7) . The three floats were the only Navis type we were able to obtain permission from the manufacturer to remove the SBE41 sensors from the float body for SBE-Calibration. Using the artificial seawater (salinity concentration of about 35 PSS-78) that is already degassed, we calculated a difference of temperature and conductivity between SBE41 and SBE3 and 4 standard sensors to evaluate J-Calibration, averaging those measurement values for about 5 min. Table 8 shows temperature, conductivity, and salinity differences for 8 experiments of 3 floats using J-Calibration. Table 9 shows the average and statistical values of 8 experiments of SBE-Calibration for the 3 floats. Since the salinity differences between SBE41 and SBE3 and the 4 standard sensors are within ± 0.01 PSS-78 through all the experiments of SBE-Calibration, SBE41 sensors were considered to satisfy the Argo criteria with the same result as in J-Calibration. Considering the standard deviation of temperature difference (ΔT~± 0.0015°C) and salinity difference (ΔS~± 0.0033 PSS-78), those three SBE41 sensor samples are all stable and satisfy the criteria for Argo accuracy. The results of both SBE-and J-Calibration and their statistical values demonstrate that J-Calibration can accurately validate floats without any faults. Figure 10 shows a scatter plot of conductivity differences between SBE41 and SBE 4 standard sensors using J-Calibration and SBE-Calibration. Regarding the three SBE41 sensors (S/N 914, 918, and 922), we conducted SBE-Calibration at 7 point-calibrations (• marks) in the same manner as the manufacturer SBE and J-Calibration (▲ marks). The result was that the differences in conductivity tend to be small within mostly ± 0.5 × 10 −3 S m −1 , although two sensors (S/N 914 and 918) were biased a little to the positive side, while one sensor (S/N: 922) had a small negative bias around − 0.5 × 10 −3 S m −1 . In those cases, we can judge that the three SBE41 sensors are healthy based on SBE-Calibration results. Here, we define two criteria for failure of a sensor (red dashed; over ± 0.015 PSS-78 at 5.2 S m −1 ) and re-calibration (red dotted; ± 0.0075 PSS-78 at 5.2 S m −1 ) as references. In the case of faults, we could find large biases with both positive or negative signs outside of the criteria lines of the fault sensors, and these may be caused by difficulty during transportation or by fluctuations during experiments.
Evaluation of J-Calibration results
The differences of conductivity between SBE41 and the SBE4 standard sensors in J-Calibration (88 times (See figure on previous page.) Fig. 9 a Temperature (upper) and salinity (lower) differences (shown in the legend as "dT" and "dS," respectively) of measurements between SBE41 and SBE3 and 4 sensors during four experiments (Ex1~Ex4) for float S/N 8085 of J-Calibration. J-Calibration system uses cooling packs, adiabatic materials, and a Vinyl greenhouse to keep a uniform environment during the experiments. In 15 min allotted for each measurement, actual calibration is done in 5 min when the dT and dS are within ± 0.01°C and ± 0.01 PSS-78, respectively. b The same as Fig. 9a based on the other sensors) are also over-plotted. As the temperature at one point (22°C corresponding to 5.2 S m −1 ) is chosen, all plots are gathered around conductivities of 5.0-5.3 S m −1 . Generally, the conductivity differences of all J-Calibration are distributed within ± 0.0075 PSS-78, corresponding to salinity values (red dotted lines), although several experiments were outside of these differences. However, all the conductivity sensors are still judged as sufficient for Argo criteria, namely, ± 0.01 PSS-78 for salinity. As a result, no conductivity sensors on SBE41 needed to be returned to the manufacturer and repaired. If a faulty sensor of SBE41 existed, it is expected that the difference from the standard sensor will fall outside the fault-tolerance threshold, requiring the sensor to be returned to the manufacturer. In this case, we would need further information from the manufacturer to analyze other technical data and investigate whether the case is a serious and systematic error. Figure 11 shows the frequency histograms of differences between the SBE41 and SBE3 and 4 standard sensors for temperature (a), conductivity (b), and salinity (c) in J-Calibration. In the 88 experiments (see Table 6 ), the histogram of temperature difference is almost a normal distribution, with 0 at the center of the histogram (Fig. 11a ). The histograms of conductivity and salinity (Fig. 11b, c) have a positive bias at a center of 0.19 × 10 −3 S m −1 and 1.6 × 10 −3 PSS-78, respectively. The positive biases in J-Calibration are the same as described in Fig. 10 , but all the sensors satisfy the Argo criteria.
Furthermore, we investigated the dependency of the salinity concentration on the differences between SBE41 and the standard sensors in all calibration experiments of both SBE-Calibration and J-Calibration (Fig. 12) . The salinity concentration in SBE-Calibration was set to 34.975 PSS-78, while that in J-Calibration is dispersed between 34.85 and 35.10 PSS-78. There is no systematic dependency or bias on the concentration of artificial seawater salinity for salinity differences. This means that we do not need to strictly control the salinity concentration of the seawater, which is different from SBE-Calibration. Based on those experiments, we summarize the results of 33 floats in J-Calibration and 3 floats in SBE-Calibration as follows:
1. Accuracy and precision of J-Calibration for temperature and conductivity sensors are enough to screen faulty sensors of SBE41.
Conductivity and salinity differences in J-
Calibration have a small positive bias but this influence on the screening result can be ignored. 3. It is not necessary to control the salinity concentration of artificial seawater in J-Calibration.
Although the number of experiments for J-Calibration is not still enough to be significant at this time, the J-Calibration system is effective to find faulty sensors and to avoid deployment of faulty floats in advance, with similar accuracy to that of the SBE-Calibration system.
Discussion
In the "Results" section, we confirmed the screening accuracy of J-Calibration for temperature and conductivity. Here, we investigate the stability of J-Calibration depending on different environments such as seasonality and room conditioning, and J-Calibration performance regarding the screening result is correct or faulty by comparing with rQCed data after float deployment. Then, the small positive bias described in the "Results" section is investigated and related to the use of artificial seawater.
J-Calibration system assessment: seasonal dependency
Based on the importance of stable room temperature as shown with some of the items in Table 2 , we investigate the seasonal dependency of J-Calibration results. Here, we use the experiment results of 3 SBE41 sensors (S/N 914, 918, and 922) in April 2018 (winter) and August 2017 (summer) when the average outside temperatures are 7.4°C and 21.7°C in Mutsu City in Japan, respectively (based on monthly air temperature climatology from the Japan Meteorological Agency). In Mutsu City, room heating and cooling devices are used in April to August. As shown in the "Methods/Experimental" section, the air conditioner is stopped during the experiments, and the experiment environment is separated from the room environment to achieve greater stability by using a vinyl greenhouse. Figure 13 shows the histograms of the results for temperature (a), conductivity (b), and salinity (c) for each experimental season (April, blue; August, orange), which is separated by the results shown in Fig. 11 . The histogram of temperature differences from standard sensors is an almost normal distribution around 0 in both seasons.
While conductivity and salinity distributions are different from temperature, there is a larger positive bias in April than in August. Vertical temperature distribution inside the greenhouse is observed between the floor and sensor level due to a temperature stratification, especially in April. In the winter season, the heater warms the upper layer of the atmosphere while the floor tends to be cold. This temperature discrepancy causes strengthened vertical air stratification. In fact, during the experiments, the average temperature difference between the height at the conductivity sensor (160 cm) and the float body (60 cm) reaches 0.5°C in experiments conducted in April when it is still the winter season in Mutsu. By cooling from the floor of the laboratory, the contrast of air temperature between the upper and lower level becomes large, which causes the conductivity sensor to be cold due to heat loss from the floor. On the other hand, cooling with the air conditioner causes vertical air mixing and such stratification is not formed. Therefore, careful attention should be paid to the vertical temperature difference during J-Calibration experiments in the winter or early spring seasons. In Fig. 13 , although almost all histograms show a Gaussian distribution in both SBE-Calibration and J-Calibration, these histograms are dispersed and widely spread. If the dispersion generally appears in every experiment on the same sensors, J-Calibration Differences between SBE41 sensors and standard sensors for temperature, conductivity, and salinity (ΔT, ΔC, and ΔS) are described. Units are 10 −3°C , 10 −3 S m −1 , and 10 −3 PSS-78, respectively. In those experiments, the artificial sea water is set to 35 PSS-78 for salinity and 22-24°C for temperature system cannot be relied on for faulty sensor screening. Here, we evaluate the stability of calibration results for conductivity/salinity in J-Calibration and SBE-Calibration to quantify dispersions of conductivity measurements from all available experiments in our laboratory. We used 88 calibration experiments by J-Calibration conducted on 33 floats in 2017 and 83 calibration experiments by SBE-Calibration conducted on 18 floats in 2012-2017 (Table 10) . Here, only one temperature point, 24°C (5.2 S m −1 ), is used in SBE-Calibration and J-Calibration. We then calculate the root mean square (RMS) of conductivity differences from screening results based on SBE41 sensors that were calibrated twice or more. In order to confirm the accuracy of our results, the 83 calibration experiments performed on SBE-Calibration were generally conducted at least twice for each SBE41 sensor. When N times calibrations are conducted for each sensor, the difference of conductivity between SBE41 and SBE3 and 4 standard sensors is defined as X Mi , while the difference of conductivity from the last experiment for each sensor is X Bi , where i is the number of experiments (i = 1~N). The RMS of conductivity difference (X rep ) between X Mi and X Bi is estimated as follows. Fig. 10 Conductivity calibration results to judge whether sensors are acceptable or not. X-axis is conductivity on standard sensor, Y-axis is conductivity differences of SBE41 and standard sensor. • and ▲ represent SBE-Calibration and J-Calibration results (S/N 914, 918, and 922), respectively. Colors (dark blue, light blue, and green) indicate sensor S/N (914, 918, and 922), respectively. + means J-Calibration only for APEX (dark orange) and Navis (purple) type floats. The result of SBE calibration for each sensor is shown as a line graph (7 conductivity/temperature points). Area within red dotted lines defines acceptable Argo accuracy, while the area within red dashed lines defines acceptable accuracy requiring re-calibration at least twice 
Here, the X rep is referred to as frequent RMS (F-RMS). Since the F-RMS can be analyzed for SBE-Calibration (X rep _ SBE ) and J-Calibration (X rep _ J ), the difference of conductivity dispersions between both systems is estimated by the following equation.
Histograms of F-RMS in SBE-Calibration and J-Calibration are shown in Fig. 14 and their statistical values are summarized in Table 11 . The histograms of F-RMS in J-Calibration (88 in total) tend to be close to 0, while that of SBE-Calibration (83 in total) is a little larger, which can be seen in the average, median, and standard deviation. Based on the result of F-RMS, the reliability of the screening result seems to be more J-Calibration than SBE-Calibration due to smaller dispersion. Although the laboratory environments and seasons are different between the two screening experiments, J-Calibration provides the same stability as SBE-Calibration based on the F-RMS results.
Evaluation of J-Calibration based on QCed deployed float data
Argo data quality control is generally carried out with nearby shipboard CTD data and other Argo float data to validate the Argo float data and to place a rQC and dQC flag, based on the rQC and dQC procedures as mentioned in the "Introduction" section. Here, we confirm whether the results of J-Calibration are appropriate to compare with the results of Argo float quality control. Although the dQC described in the "Introduction" section is conducted after 6 months~1 year to check whether the Argo data meets its criteria, we carried out the same dQC procedures within 6 months to check the result of J-Calibration. However, we cannot address the issue of long-term drift in conductivity data using this method. Table 12 shows a status list of deployed floats which had J-Calibration conducted in advance, the number of which is 16 of 33 floats until August 2018. As a result, all 16 floats conducting J-Calibration can be validated using the results of the data quality check. Regarding S/ N 8262 (WMOID 2903348) and 8263 (2903349), the data quality check can be completed after profile no. 17, and the quality of data was found to be within the range of the Argo criteria. This indicates that the results of J-Calibration are appropriate, although the first profile in both floats was not collected. Regarding S/N 414 (WMOID 2902974) and 672 (5905056), the data quality check can be done from profile no. 1 even though there was a buoyancy system failure, as the ability to obtain healthy data was not impaired. S/N 415, 416, and 417 are labeled as "positive salinity drift" or "gray list," as these profiles are out of range of Argo accuracy and uncorrectable within the framework of Argo data flow. Profiles which were within the Argo accuracy criteria for at least the before profile were nos. greater than 6 months, the results indicate that salinity values are still satisfied within the Argo accuracy criteria in all normal operational floats without any software/hardware failure in temperature and salinity. Therefore, we conclude that the results of J-Calibration correspond to that of the dQC process, suggesting that J-Calibration is effective to avoid deployment of the Argo float with faulty sensors.
Diagnostic of small positive salinity bias appeared in J-Calibration results
The small positive salinity bias (+ 0.2~0.4 × 10 −3 S m −1 ) in J-Calibration (< 0.01 PSS-78) shown in Fig. 10 is diagnosed in this section. We conducted calibration of SBE3 and 4 standard sensors of temperature and salinity by returning any with faults to the manufacturer SBE every year. After the calibration by the manufacturer, coefficients of calibration functions are occasionally modified based on the calibration of SBE.
The amount of salinity sensor drift based on the manufacturer's calibration is − 0.0048 PSS-78. Since the calibration was carried out in November 2018, the period of J-Calibration (April and August 2018) is about a half year before the manufacturer's calibration, and the amount of salinity bias correction is considerable at − 0.0024 PSS-78 if we assume that this value was drifting linearly for a year. Therefore, the standard conductivity sensor had a negative bias. As a result, it is possible to that about a half of the total positive salinity bias is from standard sensors (average in + 0.0033 PSS-78), suggesting that the method of J-Calibration is still appropriate even though it includes negative bias from the standard sensors. However, a small positive bias still remained. We also checked and monitored the possibility of a very small change in salinity concentration during the flow of artificial seawater through the tubes using the auto salinometer "Autosal" (Guildline instruments 1981). However, this did not detect any significant salinity bias that could explain the positive salinity bias. Further investigation of the salinity bias is required to improve the J-Calibration system.
Possible applications to other fields
All Earth Sciences fields encounter similar themes of difficulty in collecting high-quality and accurate data which can capture and reflect subtle changes over a long period of time. To implement such large-scale observations, the use of autonomous observation robots is effective for decreasing human resources and costs, although this does introduce the possibility of hardware or software errors. Also, this technology is required to operate under extreme environments such as in the deep ocean which has high pressures and low temperatures. These extreme elements also introduce the complication of mechanical failures. Therefore, all of these factors could decrease the reliability of the collected data resulting in inaccurate conclusions. To avoid misleading data, quality management must be employed. This was the goal of our development of a calibration system such a J-Calibration which could introduce pre-deployment calibration.
We have shown J-Calibration to be effective in decreasing the time needed to achieve calibration and to not require the detachment of the CTD sensor unit from the Argo float, thereby avoiding float warranty issues. As well, J-Calibration is non-inferior to SBE-Calibration with respect to accuracy. We hope that the methods and investigations which we have demonstrated in developing this calibration method, such as international collaboration and collaboration between the user and the manufacturer, can be extrapolated to other fields in Earth Sciences.
Conclusions
We developed an efficient method of pre-deployment calibration for the SBE41 CTD sensor (J-Calibration). In comparison with the previous standard calibration method that is normally operated by the SBE manufacturer, there are some advantages. That is, no need for specially skilled technicians, shorter time for calibration, and increased efficiency, summarized in Table 13 . The development is successful in that the screening procedure of SBE41 sensors is more efficient than before, and it is therefore possible to screen a larger number of sensors. An important consideration in the development is that the temperature of calibration is changed from 7 to 1 based on our experiences. As it is necessary to deploy a large number of 800 Argo floats to achieve sustainability under the framework of the international Argo program, the J-Calibration system is advantageous as it helps to avoid the deployment of floats with faulty sensors. Another point is to control room and water temperature appropriately during calibration experiments by applying some devices and materials. Those applications help the J-Calibration system to become stable and to improve its accuracy. On the other hand, some improvements in J-Calibration still remain. For example, a small positive bias is still observed in comparison with SBE-Calibration as described in the "Results" and "Discussion" sections. Although correction of standard sensor bias is done with a half positive bias, further investigation of the J-Calibration system is needed to improve the system.
As technical progress is ongoing with the Argo floats, the Argo community recognizes more than previously that checks of Argo floats and screening of sensors before deployment are both important to improve and maintain the global Argo array. Continued improvements will require discussion with scientists, technicians, and manufacturers in the Argo Technical workshop (King et al. 2017 ). An efficient system for SBE41 users, like J-Calibration, must be broadly used in the Argo community and its standardization will be required in the near future. Further, with the improvement and promotion of pre-calibration systems such as J-Calibration, the volume of erroneous data will decrease and small climate signals in the ocean will be detected more accurately. This will make a significant contribution to our knowledge of climate change and the accuracy of climate change predictions.
Abbreviations ALACE: Autonomous Lagrangian circulation explorer; CTD: Conductivity, Temperature, and Depth device; dQC: Delayed mode quality control; F-RMS: Frequency of root mean square; RMS: Root mean square; rQC: Realtime mode quality control 
